INTRODUCTION
T he first commercially available inductively coupled plasma (ICP) emission spectrometers were introduced in 1974, more than twenty years ago. Since its introduction, ICP atomic emission spectrometry (AES) has increasingly attracted the interest of analytical chemists and is widely used for routine elemental analysis. As could be expected, ICP emission spectrometry is currently a mature technique in terms of analytical figures of merit. However, because of a strong and active competition among the various instrument companies involved in this field and the growing sales of ICP-MS systems, some improvements in the analytical characteristics of ICP emission spectrometers have recently appeared. It therefore seems appropriate to summarize the current state of the art of the analytical characteristics of ICP emission spectrometers.
ANALYTICAL FIGURES OF MERIT
The following figures of merit are commonly used to characterize an analytical method for elemental analysis:
• Number of elements • Selectivity (i.e., susceptibility to spectral interferences) • Repeatability (i.e., precision) • Long-term stability • Robustness (i.e., susceptibility to matrix interferences) • Limits of detection • Accuracy
In ICP-AES, the number of elements is related to the wavelength range that can be covered by both the collimating and the dispersive optical systems. Wavelengths above 500 nm should be used in instances where alkali elements need to be determined, whereas wavelengths below 190 nm or even below 160 nm should be used when elements such as C1, Br, N, As must be determined. The selectivity is related to the practical resolution of the dispersive system. Selectivity is important to minimize spectral interferences resulting from line-rich matrices (e.g., W, Co, Nb, Mo, Ta, rare earth elements) and to improve the signal-to-background ratio (SBR). However, the detrimental effect of high selectivity is a decrease in both the available amount of light reaching the detector and the wavelength coverage. The repeatability is usually expressed as the relative standard deviation (RSD) of the fluctuations in the emission signal around the mean value from a series of replicates, i.e., within the same experiment. These fluctuations can result from shot noise, from flicker noise, and from detector noise. Long-term stability is a prime concern in ICP-AES because the presence of drift implies time-consuming and periodic recalibration. The long-term stability is also expressed as the RSD of the signal fluctuations, but over a period of several hours. A related consideration is the warm-up time, which is the time necessary to ensure that the ICP system is sufficiently stable to conduct quantitative analysis. The robustness is the capability of the ICP system to accept a change in the concentration of major elements, acids, and other elements without any significant variation in the line intensity of the analytes. Usually, ionic lines are more sensitive to these changes than are atomic lines. The limit of detection (LOD) is the lowest concentration that can be detected with certainty above the blank solution. Determination of LODs is performed via two steps: (l) detection of the minimum signal and (2) conversion into a concentration by means of a calibration graph. Lowering the LOD has always been a challenge for analysts. Not only does lowering the LOD allow the ICP user to compare methods, but this process corresponds to a similar lowering of the limit of quantitation, i.e., the limit where a concentration can be measured with a desired repeatability. Following the approach of Boumans, 1 the limit of detection, CL, is related to the SBR of the analyte line at a given concentration, c, and the RSD of the background, RSDB:
The accuracy is the agreement between the experimental mean value of the replicates and the "true" value. An estimate of the accuracy can be obtained only by using certified reference materials (CRMs). Not only should CRMs be available and used, but the calibration procedure should exhibit several features (rejection of outliers, possibility of weighting, etc.) that will permit the 
EVALUATION OF THE ANALYTICAL FIGURES OF MERIT
Sophisticated and complex diagnostics have been suggested in the literature for the analytical evaluation of ICP emission spectrometers (various temperatures, electron number density, spatial distribution of the species, local pertubations, sources of noise, etc.). However, they cannot be easily conducted on commercially available ICP-AES systems and, therefore, are not extensively used. There is, thus, a demand for simple, fast experiments to obtain a fair estimation of the analytical figures of merit of ICP-AES systems. It has been shown that simple experiments 2 based on previous work 3-6 can be used to determine the various figures of merit of ICP emission spectrometers. These experiments have been modified slightly for the current purpose and are summarized in Table I Resolution has been selected at 230 nm since the majority of the useful analytical lines lie in this wavelength range. 4 Use of the full width at half-maximum of the Ba(II) 230nm line profile is equivalent to that of the Cd(II) 228-nm line. 4 Resolution is expressed in pm.
Mg(I) 285-nm line intensity can be used for repeatability measurements. Actually, any spectral line emitted by an element at a concentration far above its LOD would be adequate for this purpose. Repeatability is usually determined by measuring the % RSD of the signal with the use of the default value of the integration time recommended by the manufacturer and with a minimum of 15 replicates. The experiment is repeated several times.
Warm-up time is estimated by following the time behavior of the three lines given in Table I . The warm-up is expressed as the time necessary to obtain a stable signal, i.e., a signal where the variations lie within the short-term fluctuations. This time is measured from the point of ignition of the plasma. Following the warmup time, long-term stability is estimated by using the RSD of the same three lines. The selection of these three lines allows the ICP user to identify the origin of drift 6 when the stability is not satisfactory.
It has been reported 3 that the Mg(II)/Mg(I) line intensity ratio is an efficient indicator of the robustness of the plasma. When the spectral lines given in Table I are used, a value of the ratio above 10 indicates that the ICP should not be particularly sensitive to matrix effects, whereas a ratio below 4 corresponds to a high sensitivity to matrix effects. This result does not mean that the APPLIED SPECTROSCOPY 13A focal point ICP cannot be used when a value of less than 4 is observed. It simply means that a more careful matching of the unknown and standard solutions must be carried out, or a systematic bias might be observed because of matrix effects.
The Ni(II) 231-nm line has been selected for the LOD determination, since the Ni experiment is a simplified version of the diagnostic experiment based on the use of a limit of detection scale. 5 The Ni(II) 231-nm line has a sum of the ionization and excitation energy (14.01 eV) that is located within the energy range (11-15 eV) used for the LOD scale. 5 This line is, therefore, representative of the behavior of ionic analytical lines. In contrast to the previous measurements, optimization of the SBR, observation height in the ICR and integration time should be performed. In particular, the integration time should be selected to minimize the shot noise content of the background and, consequently, to lower the RSD of the background. It should be noted that, in some instances, integration times of up to 30-40 s can be necessary. This requirement is cer-tainly a time penalty when LODs must be determined for a long list of elements.
In order to minimize the uncertainty in the concentration v (i.e., to maximize accuracy), an ideal calibration procedure should allow the analyst to select the number of standards that will be kept for the calibration, including the blank standard; to reject any outlier; to weight the measurements, particularly when a large concentration range is used; and to have the option of employing the standard addition method. This last feature is crucial when the physical or chemical nature of the samples to be analyzed is unknown (e.g., type and concentration of acids, etc.).
RESULTS
Following the procedures described above, figures of merit have been determined for several commercially available ICP systems, including the most recent systems. Either these systems have been installed in our laboratory or easy access to them was possible. Best results observed so far are summarized in Table II .
For obvious reasons, it is undesirable to quote ICP system names. However, some systems can be mentioned only if they are considered as nonexhaustive examples of outstanding figures of merit (Table II) .
If a comparison is made with ICP systems introduced four or five years ago, improvements are observed for the most recent ICP systems, in particular for the resolution, the longterm stability, and the LODs. High resolution has been obtained by using high grating line densities (>4200 mm-1), orders up to four, or echelle gratings. Narrow entrance and exit slits (i.e., <20 ~xm) have also been used along with better control of optical aberrations.
One of the major improvements in ICP-AES systems concerns longterm stability. Several commercially available ICP-AES systems exhibit long-term stability below 1% RSD. This stability allows the analyst to avoid frequent recalibration. This improvement has been obtained by better stability of the generator or a change in its design (use of solid- , better control of the temperature of the sample-introduction system (in particular at the spray chamber level), and better control of the aerosol carrier-gas flow rate (through use of mass flow controllers).
Lowering LODS can be achieved by optimizing the components of the ICP radio-frequency (rf) power system (generator characteristics such as the frequency and the waveform), the nebulizer, and the spray chamber, in particular the use of cyclone spray chamber; by improving the data acquisition and processing schemes; and by changing the observation mode (axial instead of lateral viewing) in order to increase the SBR or to decrease the RSD B. It should be noted, however, that a significant improvement in the LODs (by a factor of 10) requires the modification of more than a single component. This improvement is actually then the cumulative effect of minor changes (e.g., lower dark current for the photomultiplier tube, better selection of the nebulizer, change in the spray chamber, axial viewing, data processing, etc.) that provide an increase in the SBR (Fig. 1) and a reduction in the RSD of the background.
From these various improvements of the ICP system, a lowering of the LOD by more than an order of magnitude can be observed for most elements. For instance, the LOD for lead used to be in the 20-40 ng mL 1 range only a few years ago, whereas an LOD as low as 1 ng mL 1 can currently be obtained, at least for clean solutions. A further 7-to 10fold improvement can be obtained by using an ultrasonic nebulizer.
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Volume 49, Number 10, 1995 However, the improvement in LOD depends to a great extent on the use of axial viewing. Several commercially available systems have recently been introduced which make use of axial viewing (Table  III) . Although axial viewing (also called end-on viewing) was first described in 1976, 8-~3 it took almost two decades for this feature to become commercially available.
Use of axial viewing is aimed at improving the efficiency of observation of the most useful zone in the ICR i.e., the central channel, while avoiding the surrounding plasma, which produces an intense and unwanted background. However, use of axial viewing necessitates several technological modifications for the observation of the analyte signal. Because of the formation of a highly unstable recombination zone at the tip of the plasma (Fig. 2) , it is necessary to design an interface that will permit the removal of the hot air/argon interaction zone and the efficient observation of the central channel.
Currently, two interface principles have been described. Both make use of a cone to protect the collimating optical system from degradation and either a shear gas between the tip of the plasma and the cone or a counter gas flow through the cone. The latter approach is also used by one of the instrument companies to combine axial viewing with the possibility of observing wavelengths down to 120 nm, thanks to the absence of oxygen in this purged region. Improvements in LODs resulting from axial viewing depend on the practical resolution, the aperture of the observation beam, and the length of the central channel that is viewed. Improve-ments in the 2-10 range have been observed. However, axial viewing seems to suffer, at least currently, from several limitations. Besides the need to discriminate optically against the unstable high-background region of the plasma, the collimating system should also be designed to match the circular shape of the central channel and the rectangular shape of the entrance slit. However, even more important is the decrease in the robustness of the ICP system. Because the zone located within the ICP load coil is observed during axial viewing, matrix effects occurring in this zone are incorporated by the observation system. It seems that careful optimization of the power and the carrier gas flow is required to minimize these effects, which seem to be larger than they are for lateral viewing. It should be noted that a significant amount of time was necessary to optimize an ICP for lateral viewing. It would, therefore, not be surprising that a similar optimization for axial viewing would require further experiments.
A comparison of LODs for ICP-AES and other sensitive techniques [ICP-MS, graphite furnace (GF)-AAS] is shown for two elements in Figs. 3 and 4 . Besides Ni, Pb was selected because it is a difficult element in ICP-AES. Nevertheless, use of ultrasonic nebulization permits the analyst to determine Pb at sub ng mL -~ concentrations with ICP-AES. Results obtained for Ni are similar to those obtained for GF-AAS and some ICP-MS systems. Other elements such as Ba, Be, Mg, Mn, and Ti lead to results at the ng L -1 concentration level, i.e., similar to ICP-MS results. Moreover, LODs are excellent for some elements that are difficult to determine in ICP-MS such as Ca and Fe. It is obvious that the most recent ICP emission spectrometers fill a missing gap between ICP-MS and conventional ICP-AES systems, with the advantages of emission spectrometry, in particular concerning the capability of handling high-salt-concentration samples and the possibility of measuring elements simultaneously. Figure of merit   5  Outstanding  4  Excellent  3  Good  2  Acceptable  1 Needs improvement recently been introduced on the market and that the ICP-AES field is still alive and very active. Moreover, some prototypes should be able to fulfill 85-90% of the capabilities in the near future.
A RANKING SCALE FOR
ICP EMISSION SPECTROMETERS
An ideal ICP emission spectrometer would combine the best figures of merit reported in Table II . It could be questioned to what extent commercially available systems approach this ideal system. To answer this question, it is then possible to use the experiments mentioned previously to obtain a possible ranking of the commercially available ICP systems. It is obvious that this ranking is somewhat arbitrary. Nevertheless, it should be useful (1) to obtain a fair comparison between ICP systems and (2) to compare any ICP system to an idealized ICP system. A point ranking system from 1 to 5 has been used; its meaning is given in Table IV. A point value equal to 5 was assigned to the best figures of merit given in Table II , whereas a value of 1 was given to the worst figures of merit actually observed for commercially available systems. Even if they are seldom observed, some systems still exhibit these poor results. Rankings of 4, 3, and 2 were given to figures of merit following the scale given in Table V . These marks cover the actual range of figures of merit that have been observed for a large selection of commercially available ICP systems. To rate the calibration capabilities, we added one point to the calibration ranking for each feature (rejection of outliers, weighting, etc.) mentioned in Table V , so that the maximum of the possibilities corresponds to 5 points.
Accordingly, an ideal system should correspond to 100% of the capabilities given in Table V . From a practical point of view, the best commercially available ICP systems that have been evaluated so far fulfill around 75% of the capabilities, i.e., an average point value of 3.75. Examples are given in Figs. 5 and 6 for a sequential and a simultaneous system.
A value of 75% is an excellent result if we consider that this ranking is rather severe since it takes into account the most recent developments in 1CP-AES. A system introduced a few years ago would place at only 50-60% of the best ranking. For instance, an RSD of 1% for the background was considered an excellent value five years ago, whereas values as low as 0.3% are currently observed. This difference is evidence that significant improvements have CONCLUSION Consideration was given in this review only to analytical figures of merit and not to other potentially important aspects of ICP emission spectrometers: ease of use, choice between vacuum, purged or sealed dispersive systems, availability of accessories, automation, investment capital and running cost, size of the system, service and support, and future prospects of the instrument company. Obviously, these considerations should not be neglected during the selection of an ICP-AES system. However, these characteristics are more subjective and, consequently, more difficult to quantify.
The observed significant improvements in the figures of merit along with a reduction in the initial cost of ICP systems can be attributed to the strong competition which is currently underway in the ICP market. However, recent instrument-company acquisitions will probably change the nature of the competition by reducing the number of commercially available ICP systems. The scientific community awaits with interest to determine whether this new situation will modify the strategy of instrument companies and will lead to the continued development and ira- 
